ABSTRAfl. Ontogeny of neutrophil chemotactic response using endotoxin activated adult sheep plasma as a source of complement derived chemotactic factor was examined in fetal lambs of gestational age 120-150 days. (Gestational period in sheep is approximately 150 days.) Neutrophils from fetal lambs of gestational age 120-130 days failed to respond to this chemotactic factor whereas neutrophils from fetal lambs above 131 days of gestational age responded at levels comparable to adult values. Examination of neutrophil chemotaxis in older fetuses using a different chemotactic factor derived from mitogen stimulated adult mononuclear cells revealed a selective failure of fetal neutrophils to respond to lymphocyte-derived chemotactic factor in the presence of a normal response to complement derived chemotactic factor. Among prematurely delivered twin fetuses alterations in comparison with the first twin or age-matched controls in peripheral neutrophi1 count (increase) and in chemotaxis (increase or decrease) were noted in second of twins delivered r 20 min after the first lamb, suggesting an extreme sensitivity of neutrophil functions to a variety of influences, similar to that seen in humans. Directed migration or chemotaxis of phagocytes induced by various chemotactic agents is an essential component of inflammatory response. Defects in chemotaxis are associated, as a clinical consequence, with an increased susceptibility to infections. Defects in phagocyte chemotaxis may be due to membrane defects, reduced number of receptors for the chemotactic agent, or to cytoskeletal abnormalities. The chemotactic defect of human neonatal phagocyte originally described by Miller (1) may be due to deficiencies in any or all these components (2-5). Ontogeny of some phagocytic functions, but not chemotaxis, has been evaluated in fetal and neonatal animal models (6, 7). The ovine fetus has been shown by us and other investigators to be an appropriate animal model to study the ontogeny of various biological phenomena (8, 9) . In this report, we describe the developmental sequence of neutrophil chemotaxis in fetal lambs, utilizing EAP as a source of complement-derived chemotactic factor. Results from simultaneous evaluation of neutrophil chemotactic responses to EAP and another chemotactic factor derived from mitogen-stimulated adult ovine mononuclear leukocyte (N-LDCF) in a limited number of fetuses are presented. In addition, neutrophil counts and chemotaxis in normal fetal lambs and their twins have been compared to document alterations that may be due to "stress" of delayed delivery.
Directed migration or chemotaxis of phagocytes induced by various chemotactic agents is an essential component of inflammatory response. Defects in chemotaxis are associated, as a clinical consequence, with an increased susceptibility to infections. Defects in phagocyte chemotaxis may be due to membrane defects, reduced number of receptors for the chemotactic agent, or to cytoskeletal abnormalities. The chemotactic defect of human neonatal phagocyte originally described by Miller (1) may be due to deficiencies in any or all these components (2) (3) (4) (5) . Ontogeny of some phagocytic functions, but not chemotaxis, has been evaluated in fetal and neonatal animal models (6, 7) . The ovine fetus has been shown by us and other investigators to be an appropriate animal model to study the ontogeny of various biological phenomena (8, 9) . In this report, we describe the developmental sequence of neutrophil chemotaxis in fetal lambs, utilizing EAP as a source of complement-derived chemotactic factor. Results from simultaneous evaluation of neutrophil chemotactic responses to EAP and another chemotactic factor derived from mitogen-stimulated adult ovine mononuclear leukocyte (N-LDCF) in a limited number of fetuses are presented. In addition, neutrophil counts and chemotaxis in normal fetal lambs and their twins have been compared to document alterations that may be due to "stress" of delayed delivery.
MATERIALS AND METHODS
Sample collection. Normal adult sheep were used as controls.
Heparinized (10 U/ml) blood was collected from the external jugular vein. Lambs of gestational age 120-1 50 days and postnatal age 1-6 days were compared with adults. The gestational age was determined by time-dated breeding. The fetal lambs were normal and were being delivered prematurely for other studies. The fetuses were exposed by hysterotomy under maternal spinal anesthesia and heparinized blood was obtained from cord vessels. Results from single fetuses were used to derive developmental data. For twin studies, the second of twins was delivered at varying intervals (10-40 min) after delivery of the first fetus. Du:ring this period, uterine horn containing the fetus and abdominal cavity were covered with warm sterile towels. Term animals were spontaneously delivered and heparinized blood was obtained from a leg vein. The blood was processed within 30 min.
Cell separation. Cell separation was canied out by counterflow centrifugation elutriation technique as previously described (10) . In brief, buffy coat leukocytes were resuspended in 0.85% saline with 0.05% gelatin and 0.1 % bovine serum albumin and loaded into the separation chamber of an elutriator rotor (Beckman Instruments, Inc., Palo Alto, CA). Red cells and mononuclear cells were removed by stepwise increment in the flow rate at a constant rotor speed for adult blood and by decreasing rotor speed for fetal blood. The granulocytes were retained in the separation chamber. The isolated PMN were >98% viable by trypan blue exclusion. Cell yield from peripheral blood averaged 90%, and we were able to obtain 1 .O-1.3 x lo6 PMNs from 10 ml of blood from a 120-day-old lamb.
Preparation of chemotactic factors. Two different chemotactic factors were used in this study. In preliminary experiments, ovine neutrophils were shown not to respond by chemotaxis to the chemotactic peptide, F-Met-Leu-Phe, or human complementderived chemotactic factors. Chemotactic factor derived presumably from sheep complement was prepared by incubating 50 pg/ ml of endotoxin (lipopolysaccharide, Sigma Chemicals) with pooled fresh-frozen normal adult sheep plasma for,30 min at 37°C followed by heat inactivation at 56" C for 30 min. This preparation is referred to as EAP. In preliminary experiments, 20% EAP in RPMI-FCS was determined to elicit the maximum chemotactic response in adult sheep neutrophils. Subsequent experiments were done using 10,20, and 25% EAP. N-LDCF was prepared by incubation of normal adult sheep mononuclear leukocytes (2 x lo6 lymphocytes/ml in RPMI-FCS) with I pg/ml of phytohemagglutinin for 48 h at 37°C. Supernatants were filtered and frozen at -70" C in aliquots. Control cultures without mitogen were treated similarly and phytohemmagglutinin added at the end of the culture. Optimum concentration of lymphocyte supernatants to demonstrate N-LDCF activity was determined in preliminary experiments with adult ovine neutrophils. The paucity of neutrophils in peripheral blood of fetal lambs precluded testing over a wide range of concentrations of EAP or N-LDCF but at least three concentrations were tested.
Chemotaxis. PMN were resuspended at 1 x lo6 PMNjml in RPMI-FCS. Ovine neutrophil chemotaxis was performed in acrylic blind-well chambers (Biorad, Richmond, CA) as previously described by us (9) . Briefly, 0.2 x lo5 neutrophils in 0.2 ml were separated from the chemotactic factor or buffer by a 3 pm pore-size polycarbonate chemotactic filter. After incubation for 45 min at 37" C in humidified atmosphere, the filters were stained with hematoxylin and Wright's stain. The number of PMN that had migrated across the filter were counted under an oil immersion lens (magnification x 1000) in 10 fields in triplicate filters and results were reported as PMN/field. Net chemotaxis was defined as PMNjfield with EAP or stimulated supernatant minus PMNjfield with buffer or unstimulated supernatant. Previous experience with these 15 pm thickness chemotaxis filters has shown that incubation periods longer than 45 min resulted in neutrophils being lost from the filter into the lower chamber.
Stutisticul method. Results were analyzed with t tests using Bonferroni's multiple comparison procedure (1 1). Chemotactic response to N-LDCF. Neutrophils from four fetuses were tested for chemotaxis with a different chemoattractant, N-LDCF. Results in Table 1 represent net chemotactic values with 20% lymphocyte supernatant or 20% EAP, concentrations which elicited maximal response. Neutrophils from 138-and 148-day fetuses, while responding well to EAP, responded minimally or failed to respond to N-LDCF.
RESULTS
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Comparison of neutrophil counts and chemotaxis in twin fetuses. Four sets of twins were available for such comparison. Neutrophil yields from a given volume of blood (as a measure of neutrophil counts) and chemotactic values in these sets of twins are shown in Table 2 . Neutrophil yield and chemotaxis were within the normal range for age in the firstborn of all the four sets. Among the second born, one was delivered 10 min after the first twin. Neutrophil yield and chemotaxis in this second of twins were comparable to those in the corresponding first twin. Second born in three other sets of twins were delivered 220 min after the first and neutrophil yields in these lambs were significantly higher than in the corresponding firstborn or agematched controls. In two of these lambs, chemotaxis was also significantly higher (PMNjfield = 20.0 and 27.7) compared to the first twin (9.0 and 12.5) or age-matched controls (13.4). The third lamb in this group of second twins was delivered 40 min after the first twin and had the highest neutrophil yield (5.4 x lo6/ 10 ml), but these neutrophils failed to respond by chemotaxis to a wide range of concentrations of EAP or N-LDCF. Arterial "stress" may not be strictly comparable to the stress of labor and blood gas and pH determinations failed to reveal any significant vaginal delivery. The failure of neutrophils from 132-day gestaalterations in these lambs. tional age second twin delivered 40 min after the first to respond by chemotaxis is reminiscent of defective chemotaxis seen in severely infected and stressed infants and may reflect a later stage DISCUSSION in the continuum of stress-related alterations in neutrophil funcThe gestational period in the sheep is approximately 150 days and the period in which the fetal lambs were tested corresponds to the gestational period between 32-40 wk in humans, according to the age equivalence curve developed by Solomon (12) .
These results suggest that during normal development, fetal ovine neutrophils respond poorly to complement-derived chemotactic factors until approximately 130 days of gestational age. Functional maturity as defined by chemotaxis comparable to adult levels is attained after this age. This period also corresponds to the appearance of neutrophils in the peripheral blood of the fetus (1 3).
Neutrophils in the peripheral blood of unstressed 120-to 130-day fetuses were morphologically similar to those of older fetuses or adults. Although elutriation profiles (flow rates and centrifugal force required for elution) of fetal leukocytes and red cells in general were different from that of adult cells, leukocytes of all groups of fetuses (120-150 days) had a similar profile. Thus we were unable to identify an obviously immature neutrophil as being responsible for the chemotactic defect. The chemotactic defect of fetal ovine neutrophils is unlikely to be related to chemotactic factor inactivator documented in the 110-120 days of gestational age lambs since chemotactic factor inactivator has been shown not to be directed against neutrophils (14) .
A similar developmental delay in chemotaxis of human neutrophils has been described, although in humans this "defect" may persist for the first few years of life (15, 16) . In the human neonate, factors suggested to be responsible for the defect include deficiency of membrane receptors, cytoskeletal abnormalities, and membrane rigidity (2) (3) (4) (5) 17) . We have previously shown that chemotaxis of neutrophils obtained from human cord blood is comparable to adult values and "increased" in comparison to chemotaxis of neutrophils from same infant 48-72 h after birth (18) . Similarly, the present study has documented "normal" values in 120 day gestational age "stressed" (delivered 20 min after the first) lambs whereas their unstressed twins had significantly decreased chemotaxis. These data suggest that ontogenic delay in the appearance of complement receptors is unlikely to be the only reason for the neutrophil chemotactic defect of the fetus or newborn in both humans and sheep. Sequential analysis of fetal ovine neutrophil cytoskeletal structure and functions and membrane fluidity in comparison with human neutrophils will define the role of these components in the ontogeny of cell movement.
Observations of increased peripheral neutrophil counts in cord blood and peripheral blood soon after birth in humans and sheep (18, 20, Raghunathan R, Miller ME, unpublished observations) are similar to the limited observations in the present study of increased neutrophil counts in the "stressed" preterm lambs compared to the corresponding firstborn. In humans, these numerical alterations are associated with functional alterations (increase in chemotaxis and decreased oxidative metabolic activity) (18-21; Raghunathan R, Miller ME, unpublished observations). The transient nature of these alterations has been documented by the fall in neutrophil counts and chemotaxis in the subsequent 48-72 h in humans and by the fall in peripheral PMN counts in neonatal lambs. Observations of increased peripheral neutrophil counts and decreased neutrophil oxidative metabolic activity in cord blood of infants delivered vaginally or by cesarian section following labor compared to that of infants delivered by cesarian section without labor (20, 2 1) related such numerical and functional alterations to the process of labor which may be associated with release of various mediators. Alterations in neutrophil counts and chemotaxis seen in the "stressed" preterm fetuses in comparison to their unstressed twins may be due to a similar phenomenon of a lesser degree, although this tion due either to receptor modulation or intrinsic defect in the cellular movement mechanism.
Observations from the twin study exemplifies the sensitivity of neutrophil functions to various modulating influences and underscores the need for caution in the interpretation of results of neutrophil functional studies in clinical settings. These observations, although not conclusive because of small sample size, suggest that numerical and functional alterations of neutrophils due to stress-related mediators may be similar in sheep and humans. Further studies comparing neutrophil functions in surgically and vaginally delivered lambs are necessary for confirmation of these observations and for elucidation of the role of stress and maternal/fetal mediators on neutrophil functions. Such studies will also establish the usefulness of fetal lamb as a model to examine the neonatal inflammatory response.
Failure of fetal ovine neutrophils to respond to N-LDCF was unexpected in view of their normal response to EAP. This failure may be due to an ontogeneic delay in the appearance of LDCF receptors of ovine neutrophils. Our observation that neutrophils from two normal pregnant ewes also failed to move in response to N-LDCF while maintaining a normal response to EAP has suggested an alternate explanation. Fetal neutrophils may have undergone modulation of LDCF receptors due to in vivo exposure to N-LDCF liberated during maternal-fetal interactions. Lymphocyte derived chemotactic factors have been demonstrated during in vitro allogeneic reactions (22) and in vivo in inb:red rats carrying heterozygous pregnancies (23) . We have previously demonstrated a failure of N-LDCF production by mitogen-stimulated fetal mononuclear leukocyte (9) . Fetal mononuclear leukocyte production of N-LDCF during alloreactior~s has not yet been thoroughly tested in this species. It is possible that N-LDCF of maternal or fetal origin may deactivate fetal neutrophils. Human cord monocytes obtained from term, vaginally delivered neonates have been shown to respond to LDCF (24) , but these phagocytes may differ in their functional capability from cells of neonates who have recovered from the effects of labor and delivery. Lymphokine-mediated phagocyte accumulation may be an essential effector component of in vivo cell-mediated immune response. Deficient lymphokine-mediated inflammatory response during intrauterine period may contribute toward maintenance of an allogeneic pregnancy and thus would be of teleologic significance. Studies evaluating human monocyte and PMN chemotactic response to LDCF in the neonatal period are not available and such studies would contribute significantly toward understanding of the ontogeny of inflammatory response.
In summary, we have described the ontogenic sequence of neutrophil chemotaxis to complement-derived chemotactic factors and to lymphokine in fetal lambs. Similarities in neutrophil homeostatic mechanisms of sheep and humans observed in this study suggests that the fetal lambs may be an excellent animal model for studying the ontogeny of inflammatory response.
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